Purpose: The Synchrony TM Respiratory Tracking System of the CyberKnife â Robotic Radiosurgery System (Accuray, Inc., Sunnyvale, CA, USA) enables real-time tracking of moving targets such as lung and liver tumors during radiotherapy. Although film measurements have been used for quality assurance of the tracking system, they cannot evaluate the temporal tracking accuracy. We have developed a verification system using a plastic scintillator that can evaluate the temporal accuracy of the CyberKnife Synchrony. Methods: A phantom consisting of a U-shaped plastic frame with three fiducial markers was used. The phantom was moved on a plastic scintillator plate. To identify the phantom position on the recording video in darkness, four pieces of fluorescent tape representing the corners of a 10 cm 9 10 cm square around an 8 cm 9 8 cm window were attached to the phantom. For a stable respiration model, the phantom was moved with the fourth power of a sinusoidal wave with breathing cycles of 4, 3, and 2 s and an amplitude of 1 cm. To simulate irregular breathing, the respiratory cycle was varied with Gaussian random numbers. A virtual target was generated at the center of the fluorescent markers using the MultiPlan TM treatment planning system. Photon beams were irradiated using a fiducial tracking technique. In a dark room, the fluorescent light of the markers and the scintillation light of the beam position were recorded using a camera. For each video frame, a homography matrix was calculated from the four fluorescent marker positions, and the beam position derived from the scintillation light was corrected. To correct the displacement of the beam position due to oblique irradiation angles and other systematic measurement errors, offset values were derived from measurements with the phantom held stationary. Results: The average SDs of beam position measured without phantom motion were 0.16 and 0.20 mm for lateral and longitudinal directions, respectively. For the stable respiration model, the tracking errors (mean AE SD) were 0.40 AE 0.64 mm, À0.07 AE 0.79 mm, and 0.45 AE 1.14 mm for breathing cycles of 4, 3, and 2 s, respectively. The tracking errors showed significant linear correlation with the phantom velocity. The correlation coefficients were 0.897, 0.913, and 0.957 for breathing cycles of 4, 3, and 2 s, respectively. The unstable respiration model also showed linear correlation between tracking errors and phantom velocity. The probability of tracking error incidents increased with decreasing length of the respiratory cycles. Although the tracking error incidents increased with larger variations in respiratory cycle, the effect on the cumulative probability was insignificant. For a respiratory cycle of 4 s, the maximum tracking error was 1.10 and 1.43 mm at the probability of 10% and 5%, respectively. Large tracking errors were observed when there was phase shift between the tumor and the LED marker. Conclusion: This technique allows evaluation of the motion tracking accuracy of the Synchrony 
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Conclusion:
This technique allows evaluation of the motion tracking accuracy of the Synchrony
INTRODUCTION
Stereotactic body radiotherapy (SBRT) for patients with unresectable lung and liver tumors has shown high rates of local control. [1] [2] [3] [4] [5] For these organs, respiratory motion often results in the need to enlarge the treatment volume. 6, 7 To achieve a conformal dose distribution to the target, special techniques are used, including respiratory gating and tumor tracking. The CyberKnife â Robotic Radiosurgery System (Accuray, Inc., Sunnyvale CA, USA) 8 is a frameless stereotactic radiotherapy system. To enable irradiation from multiple directions, a 6 MV linac is mounted on a six-axis robotic manipulator arm. The Synchrony TM Respiratory Tracking System irradiates tumors by tracking implanted metallic markers using two orthogonal kilovoltage x-ray imaging sources and infrared markers located on the patient's body. These techniques allow the irradiated volume of healthy tissue around the moving target to be reduced. However, inaccurate tracking of tumors subject to respiratory motion may result in displacement of the irradiated volume and degradation of dose distribution.
Measurement using radiochromic film has long been used to evaluate the accuracy of tracking systems. 9, 10 When a piece of film and fiducial markers are placed on a moving phantom and the film is irradiated while the markers are tracked, the accuracy of the tracking system will be evaluated as the blurring of the irradiated area on the film. However, it is difficult to evaluate the blackening of the film in real time. Film dosimetry cannot be used to identify factors affecting tracking accuracy, such as tracking failures at certain points in the respiratory cycle, velocity, or acceleration. Therefore, a realtime evaluation technique for evaluating tracking accuracy is needed. Although a few studies have reported techniques to evaluate dynamic tracking errors using a video camera mounted on the linac head 11 or laser equipped on the linac, 12 these methods did not evaluate the radiation beams. Recently, a plastic scintillator has been used to measure photon, electron, and heavy ion beams. 13, 14 This scintillator is of near water-equivalent density and visualizes the irradiated area without the need for any postirradiation processing. Several commercial plastic scintillation detectors have now been released. The real-time characteristics of these detectors will be valuable for evaluating the tracking accuracy of multiple systems. In addition, the plastic scintillator enables the evaluation of radiation beams.
Here, we used a plastic scintillator to develop a verification system for the CyberKnife Synchrony TM system. Motion data are transferred to the motion phantom via a serial network cable. The phantom motion is repeated over hundreds of cycles for measurements. Figure 1(b) shows a phantom attached to the main arm of the 3D motion phantom. A U-shaped plastic frame is fixed to graph paper with an 8 9 8 cm square window. To evaluate the Synchrony TM system, three fiducial markers were attached to the plastic frame.
METHODS AND MATERIALS

2.A. Phantom settings
The U-shaped plastic frame is moved with the motion phantom sliding on a 30 9 30 9 1 cm plastic scintillator plate (BC-408, Saint-Gobain Crystals, Nemours, France). The 1-cm thickness of the plate may contribute to the uncertainty of the results. However, a thinner plate would not be sufficient to detect the scintillation light because the buildup of the 6 MV photon beam is 1.5 cm. The peak emission of this scintillator is 425 nm. When the plastic scintillator is irradiated in a dark treatment room, a blue-colored light is observed at the irradiated site. Decay time is 2.2 ns. Although special correction methods are needed to use the plastic scintillator for dosimetry, 17 our study did not use such techniques because only positional data were needed. The plastic scintillator was put on a solid water phantom to increase backscatter. To analyze the tracking accuracy of the photon beam, the positions of the beam spot relative to the frame phantom are needed. To identify the phantom position in a dark room, four pieces of fluorescent tape (HGCH5; Horse Care Products Ltd., Tokyo, Japan) were attached to the graph paper. These markers represent the four corners of a 10 9 10 cm square centered on the window. The fluorescent markers accumulate energy from room light and emit it in a dark room as blue-green light.
2.B. Respiratory motion
The target motion patterns were modeled as the fourth power of a sinusoidal wave function based on previously reported functions. [18] [19] [20] The wave function was calculated using the following formula:
where A, T, and φ represent the amplitude of the motion, respiratory cycle, and phase shift, respectively. In this study, the motion amplitude was 1 cm. For a stable respiratory model, respiratory cycles of 4, 3, and 2 s were tested. The extra stage, to which the LED marker was attached, mimicked chest wall moved with an amplitude of 5 mm. The phase of the motion was the same as that of the plastic frame.
For an unstable respiratory model, the respiratory cycle was varied with the Gaussian random numbers generated with Box-Muller method, described by the following formula:
where Z represents the generated Gaussian random number, and X and Y represent uniformly distributed random numbers generated with a Microsoft.NET Framework function (Microsoft, Inc.). The Gaussian random numbers were scaled to adjust their standard deviation (SD) to 10%, 20%, or 30% and multiplied to each cycle of the fourth power of the sinusoidal wave to generate the unstable respiratory model. For this unstable model, the motion amplitude and basic respiratory cycle were 1 cm and 4 s, respectively. It has also been reported that lung tumor and chest wall motion often move out of phase. Chi et al. investigated eight patients and reported a wide range of phase shifts, with median shifts in the superior-inferior direction of À10 and À9% in the endinspiratory and end-expiratory phases, respectively. 21 To investigate the effect of phase shift between the tumor and chest wall, measurement was performed with the extra stage delayed by 0.4 s (10% of the respiration frequency of 4 s).
2.C. Treatment plan
CT image sets of the plastic frame were acquired with an ECLOS CT system (Hitachi, Tokyo, Japan) using the following settings: 120 kV, 250 9 250 mm field of view (FOV), and slice thickness of 0.625 mm. A MultiPlan TM treatment planning system (version 4.6.0, Accuray, Inc.) was used for treatment planning. A virtual target was generated at the center of the window in the graph paper. The vertical coordinate of the target was the same as that of the plastic frame. An isocentric treatment plan tracking three metallic markers was generated using a fixed-type collimator setting of 5 mm. The elevation angles of beams 1-6 were 58.0°, 65.8°, 68.0°, 69.5°, 78.3°, and 58.2°respectively. For all beams, the dose rate, sourcetarget distance and MU were 800 MU/min, 900 mm, and 150 MU, respectively.
2.D. Measurements and analysis
A CyberKnife G4 system was used for irradiation. During irradiation, the light generated by the plastic scintillator was recorded using a camera with a CMOS image sensor (a5100 TM , Sony, Tokyo, Japan). As the scintillation light produced by a photon beam is not bright, the measurements were conducted in a dark treatment room. The focus, sensitivity, and aperture of the camera were manually adjusted under bright conditions. The scintillation light and fluorescent light were recorded with a matrix of 640 9 480 pixels at 30 fps. The spatial resolution of the video inside the 10 9 10 cm 2 square was approximately 0.3 mm after correction for distortion. The acquired cine data were analyzed using software developed with Microsoft Visual C++. A flowchart of the analysis is shown in Fig. 3 .
The fluorescent light is blue-green. When extracting the green color channel from the RGB color movie, therefore, only the fluorescent markers are clearly visible. After converting the green image to a binary black and white image, the centroid of each marker's contour was calculated as the marker position. As the coordinates of the markers were known as the corners of the 10 9 10 cm 2 square, we calculated a homography matrix for correction of distortion using OpenCV version 2.4.9, an open-source image processing library. 22 When the photon beam irradiates the plastic scintillator, blue scintillation light is observed, allowing clear visibility when the blue color channel is extracted from the RGB color cine. During irradiation, a great deal of noise was detected. To eliminate the noise pixels, blue channel images were processed with opening (dilation followed by erosion) and closing (erosion followed by dilation) functions using OpenCV. A rectangular region of interest (ROI) was set inside the four fluorescent markers because blue-green fluorescent markers were also visible on the blue color images. The images were converted to binary images to extract the largest contour appearing inside the ROI. The threshold was determined to clearly identify the beam spots. We tested the spot detections with various threshold values for image conversion to investigate whether the threshold affected the beam position. The variations were smaller than the spatial resolution of the video (data not shown). The centroid of the largest contour inside the ROI was calculated to identify the beam position. The coordinates of the beam position were corrected with the homography matrix. When the photon beam was off, there were no contours inside the ROI with use of noise reduction processing.
When photon beams were irradiated at an oblique angle to the plastic scintillator plate, the beam spots were displaced due to the thickness of the plate. The placement of the virtual target also affected the displacement of the beam spots. To calculate the offset value for each beam, the phantom was irradiated while stationary. For modeling of the respiratory cycle, only the extra stage mimicking chest wall motion was moved to allow the Synchrony TM system to be used for all measurements. The data obtained represent the effects of oblique irradiation, but do not include the motion tracking errors. As illustrated in Fig. 4(a) , the scintillation spot of each 
where Dx and Dz represent the offset of the virtual target position from the center of the 10 cm 9 10 cm square of the fluorescent markers. The parameters X, Y, and Z represent values along the lateral, vertical, and longitudinal axes, respectively; a DICOM coordinate system. The coefficients a i and b i represent the slope of the linear function of the i th beam path. The parameters y, Dx, and Dz were calculated using a least-squares method by minimizing the sum of squares of the distance between the beam path and the spot position for all beams. To correct for the oblique effects, the offset values obtained from the static irradiations were subtracted from the values from the motion-tracking irradiations (Fig. 4) . JMP software TM (ver. 13.2.1, SAS Institute, Cary, NC, USA) was used for statistical analysis. The positional errors between the scintillation light spots and fluorescent tapes were calculated. The correlations between the error and velocity of the phantom were assessed with Pearson correlation coefficient.
2.E. Log file analysis
Log files were automatically generated after irradiation using the Synchrony tracking system and analyzed to evaluate the accuracy of the motion prediction of the system. The axes of the prediction log file data were converted to the XYZ DICOM coordinate system. The data were separated into each respiration cycle at end-inspiration and compared to the data used for phantom motion.
RESULTS
As the fluorescent light attenuated rapidly after room lights were extinguished, it was difficult to detect the fluorescent markers for a long time. Therefore, the first six beams were analyzed in this study.
To investigate the oblique effects, the phantom was irradiated while stationary. Figure 4(a) shows the position of the beam spots relative to the center of the 10 cm 9 10 cm square. Each point represents the beam spot position detected on each video frame. The mean number of the points was 347.8 (range 340-353) in each measurement. It was reasonable to set the beam-on time of 11.25 s and frame rate of 30 fps. The largest deviation between each beam was 5.49 and 5.63 mm for the LAT and SI directions, respectively. The major causes of the displacements were the placement of the virtual target and the thickness of the plastic scintillator. The offsets Dx and Dz calculated by the least-squares method were 0.48 mm and À3.66 mm, respectively. The position (Dx, Dz) was considered as the virtual target position relative to the center of the 10 cm 9 10 cm square of the fluorescent markers. Figure 4(b) shows the beam spot position corrected by the offset of the target position. Beam spots were located opposite the source position, as illustrated in Fig. 2(b) . The beam positions corrected by both target offset and oblique effects are shown in Fig. 4(c) . The depth of the scintillation light spot Y was 7.2 mm. Figures 4(d) and 4(e) show the beam spot positions corrected with the offset of the virtual target position. The effective center of the beam spots recorded on the video was 7.2 mm in depth.
As shown in Fig. 4(c) , calculated offset values were applied to each beam to correct the oblique effects. The mean standard deviations (SD) of beam positions were 0.16 and 0.20 mm for the LAT and SI directions, respectively. As the phantom was not moving during this measurement, the gantry head of the CyberKnife did not move. Therefore, these deviations represent the uncertainties of this method for beam detection. Figure 5 shows a part of the analysis in the SI direction for breathing cycles of 4, 3, and 2 s. The tracking errors (mean AE SD) were 0.40 AE 0.64 mm, À0.07 AE 0.79 mm, and 0.45 AE 1.14 mm for breathing cycles of 4, 3, and 2 s, respectively. The pattern of the tracking errors was similar to that of the velocity of phantom motion, with higher velocities associated with larger tracking errors. In Fig. 6 , the tracking errors are plotted against the phantom velocity and show a strong linear correlation with the velocity. The correlation coefficients (R 2 ) were 0.897, 0.913, and 0.957 for breathing cycles of 4, 3, and 2 s, respectively (P < 0.0001 for all data).
The tracking accuracy was also investigated during simulation of unstable respiratory motion. Figure 7 shows a part of the results for a respiratory cycle of 4 s with Gaussian random variation (SD = 30%). Tracking errors increased with increasing velocity. In Fig. 8 , the tracking errors are plotted against the velocity during an irregular respiratory cycle. Tracking error increased with increasing variation in a linear fashion. The correlation coefficients were 0.922, 0.922, and 0.908 for SD = 10%, 20%, and 30%, respectively (P < 0.0001 for all data). Figure 9 shows a cumulative histogram of the tracking error. A histogram of the tracking error distance and beam-on time was created and converted to a cumulative histogram which is similar to the dose-volume-histogram (DVH). The vertical value represents the probability of a tracking error greater than or equal to the error distance of the horizontal value. As shown in Fig. 9(a) , the error histogram showed large values with shorter breathing cycles. As shown in Fig. 9(b) , variations in the breathing patterns showed modest change in the probabilities from 100% to 10%. When variation was large (SD = 30%), the error histogram shows large values at probabilities from 10% to 0%. Table I shows the error distance of each histogram at 10% and 5% probabilities. Even with variation of 30% SD, tracking error was within 1.10 mm for 90% of beam-on time. The length of the breathing cycle had the greatest effect on tracking accuracy. Figure 10 show a comparison between the position data of the prediction log file and the phantom motion. Thick curves represent the phantom motion. Thirty cycles of the prediction log data were overlaid as thin lines. The short respiratory cycle resulted in small motion amplitude, indicating that the motion prediction was not accurate for rapid target movement.
To evaluate the effects of the phase shift between the tumor and chest wall, the motion of the LED marker was delayed by 0.4 s (10% of the respiratory cycle) and measurements were performed. Figure 11(a) shows the predicted phantom motion overlaid with the phantom motion. The prediction algorithm of the Synchrony system did not accurately model the phase shift. As illustrated in Figs. 11(b) and 11(c) , the tracking error was large when the target moved rapidly.
DISCUSSION
We developed a technique to evaluate the motion-tracking accuracy of the CyberKnife Synchrony TM System by measurement of treatment beams. The tracking accuracy decreased in a linear fashion with increasing target velocities. Large variations in the respiratory cycle also affected the tracking accuracy.
Inoue et al. 11 previously reported a technique to evaluate the motion-tracking accuracy of the Synchrony System TM using a video camera mounted on the CyberKnife head. They recorded a moving ball with the camera and calculated the tracking error from the captured images. Sumida et al. 12 reported another technique which utilized a laser mounted on the CyberKnife head. They used the Synchrony TM system to track a flat plate mounted on a 3D motion phantom and recorded the laser points on the plate. These two techniques can evaluate dynamic motion tracking accuracy using a camera. However, they did not evaluate the photon beams generated from the CyberKnife. Nioutsikou et al. 23 investigated the dosimetric effects of respiratory motion on the dose distribution using radiochromic film. Mastella et al. 24 also reported a pretreatment patient-specific QA method using a motion phantom, film, and ionization chamber. Although the film and ionization chamber evaluate the dose delivered to the target, they evaluate only the accumulated dose. Our technique enables us to evaluate the photon beam with dynamic analysis by use of the plastic scintillator. Such a technique has not been reported before.
The beam delivery accuracy of the CyberKnife system is associated with the performance of the robotic arm and the imaging system. Antypas et al. 8 previously reported that the accuracy of dose placement measured with film was 0.23 AE 0.11 mm for fiducial-tracking algorithm. For clinical SRS plans without target motion, they reported a total accuracy of 0.29 AE 0.10 mm. As this study included submillimeter analysis, the CT slice thickness of 1.25 mm used in this study may have affected the delineation of the virtual target at the center of the 10 9 10 cm 2 square. As shown in Fig. 4 , however, the beam positions were corrected by offset values derived from the measurements without phantom motion. These uncertainties are absent from the results of this study. As illustrated in Figs. 5-6, the tracking error increases in a linear fashion with increasing target velocity. The graphs of the phantom position (solid) and beam position (dot) indicate that the beam position displacement increased positively along the horizontal (temporal) axis as the velocity increased, and that the major cause of tracking error was the lag of tracking. As shown in Fig. 9 and Table I , the tracking error is large when breathing cycle is short. However, the effects of unstable respiration on the tracking accuracy are limited to situations when target velocity is high. For motion with a respiratory cycle of 4 s, the probability of the tracking error did not show significant increases up to 20% SD of variation. Even with 30% SD of variation, the tracking accuracy was close to that for stable respiration for 90% of the beam-on time. Inoue et al. 11 previously reported that the median tracking error of the Synchrony TM system measured with a camera mounted on the linac head was 1.5 mm (range, 1.0-3.5) for a probability >95%. Sumida et al. 12 investigated the tracking accuracy by observation of the laser mounted on the linac head and reported that the mean tracking error was within 2 mm. Our present data are consistent with these previous studies. Anetai et al. 25 reported a respiration model for smooth tracking. In the present study, we generated the respiratory signals based on the fourth power of sinusoidal wave and motion tracking seemed sufficiently smooth. Coaching patients in slow breathing will help achieve accurate beam delivery.
Motion tracking accuracy could be affected by the following factors: (a) the correlation between the target and LED marker motions, (b) errors in the prediction of the next tumor position due to the delay in the machine response, and (c) a mechanical tracking error of the robotic system. We analyzed treatment log files and showed that the effects of the phase shift between tumor and chest wall motions strongly affected the prediction of tumor motion (Fig. 11) . For other results, the phantom and LED motions were perfectly correlated. Therefore, the tracking errors detected in this study were due to causes (b) and (c). Although it was difficult to separate the errors into these two elements, Fig. 10 shows that the shorter respiratory cycle affected the prediction of tumor motion, indicating that the motion-tracking errors observed in this study were due not only to the hardware but also to the Synchrony software. The tracking errors may also be affected by the distribution of beam-on time in the respiratory cycle. In this study, the beam-on time of each beam was about 11.25 s. We analyzed the variation in beam-on time delivered in different parts of the respiratory cycle and found that the SD of this time was <1.5% for respiratory cycles of 2-4 s (data not shown). For longer respiratory cycles or shorter beam-on times, the variation may become larger. However, the effects will be small, especially for fractionated treatments. This study has a few limitations. First, the phantom could not move in the vertical direction because the U-shaped plate moves on the plastic scintillator plate. However, it is known that the major motion with respiration of lung and liver tumors is in the SI direction. 26 We also investigated tracking accuracy by moving the phantom with an amplitude of 10 and 3 mm in the longitudinal and lateral directions, respectively. Tracking accuracy in the lateral direction was within 1 mm (data not shown). Although the method used in this study can evaluate only two axes, the results will be valuable in estimating the tracking error. Second, it was difficult to measure long time periods because of the attenuation of the fluorescent light from the tape markers. However, our technique is still valuable because the method can evaluate the tracking accuracy of photon beams. Tracking accuracy for longer times, such as the whole treatment time with patient respiration data, can be evaluated using the previously reported techniques. Third, the data were corrected by the measurement of the static beam delivery to compensate for the effects of scintillator thickness. The observed tracking errors were therefore relative values and did not contain the other targeting uncertainties, which will be observed in the static condition. These should be evaluated separately with the phantom held stationary.
CONCLUSIONS
We have developed a technique to investigate the motiontracking accuracy of the Synchrony TM Respiratory Tracking System. This technique differs from previous methods in its measurement of the photon beam of the CyberKnife system and temporal evaluation. Although the unstable respiration model showed large tracking errors, these errors were observed only with high target velocity. Coaching patients in slow breathing will improve the accuracy of dynamic beam delivery with motion tracking. The phase shift between the target motion and LED marker motion also greatly affected the prediction accuracy, resulting in large tracking errors. Careful respiratory motion management is needed to achieve accurate beam delivery.
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